5'-»»5' Exonuclease specific for single-stranded DNA copurified with DNA polymerase of nuclear polyhedrosis virus of silkworm Bombyx mori (BmNPV Pol). BmNPV Pol has no detectable 5*-»»3* exonuclease activity^on single-stranded or duplex DNA» Analysis of the products of 3'•^•5' exonucleolytic reaction showed that deoxynucleoside monophosphates were released during the hydrolysis of single-stranded DNA. The exonuclease activity cosedimented with the polymerase activity during ultracentrifugation of BmNPV Pol in glycerol gradient. The polymerase and the exonuclease activities of BmNPV Pol were inactivated by heat with nearly identical kinetics. The mode of the hydrolysis of single-stranded DNA by BmNPV Pol-associated exonuclease was strictly distributive. The enzyme dissociated from single-stranded DNA after the release of a single dNMP and then reassociated with a next polynucleotide being degradated.
INTRODUCTION
The silkworm nuclear polyhedrosis virus (BmNPV) belongs to a group of baculoviruses, which infect the insect cells. BmNPV is pathogenic to silkworm Bomb.7X mori and causes a substantial damage to the silkproduction. On the other hand, BmNPV was shown to be a promising vector in genetic-engineering experiments. Using BmNPV genome the effective system for the human interferon expression was developed in silkworm cells ( 1 ). Nuclear polyhedrosis viruses (NPV) contain a circular double-stranded DNA genome of 120-130 kilobase pairs ( 2 ). The mechanism of the virus replication in infected cells is unknown (for review see 3)* However, the genome size suggests that NPV may encode a virusspecific DNA polymerase. The induction of the viral DNA polymerase was actually detected in insect cells infected with NPV (4) (5) (6) . The increase in activity of host-cell DNA polymerase aC and the induction of the virus-specific DNA polymerase (BnNPV Pol) were observed in silkworm pupae after inoculation of BmNPV ( 6 ) . The BmNPV Pol has been purified from the infected pupae and some properties of the enzyme were described ( 7 )• The principal question concerns an exonuclease activity of BmNPV Pol* No data were published on exonucleases associated with DNA polymerases of baculoviruses. However, the intrinsic 3'->5' exonucleases were found to be associated with DNA polymerases of herpes viruses (8) (9) (10) (11) (12) , vaccinia virus ( 13 ) and adenoviruses (14 ) . In this respect, DNA polymerases of animal DNA viruses resemble prokaryotic enzymes. All DNA polymerases so far purified from mesophilic prokaryotes possessed the 3'•*•!?* exonuclease activity. In contrast to the prokaryotic enzymes, DNA polymerases of animal cells, except £-polymerases ( 15, 16 ) , do not associate with the exonucleases.
In the present paper we analyzed an exonuclease activity of BmNPV Pol. The enzyme was shown to have no 5 '•^•3 'exonuclease but to possess 3'->5* exonuclease specific for single-stranded DNA. The 3'->»5' exonuclease was tightly associated with BmNPV Pol and cannot be separated from the polymerase in the course of the purification. The BmNPV Pol-associated exonuclease showed a distributive mode of hydrolysis of single-stranded DNA.
MATERIALS AND METHODS Chemicals and enzymes
Unlabeled dNTPs were purchased from NIEPIBAV (Novosibirsk).
[ 3 HJ dNTPs, [(/-^PJdNTPs and [y~^2p]ATP were obtained from LVO "Isotop" (Leningrad) and "Radiopreparat" (Tashkent). Phosphocellulose P11 and DEAE-cellulose DE32 were from Whatman. Hydroxyapatite was purchased from Bio-Rad. Blue-Sepharose and 5*-AMPSepharose were from Pharmacia Fine Chemicals. N-ethylmaleimide was obtained from Serva, ajphidicolin was from Sigma. Autoclaved gelatin was from Reakhim. Phage T4 polynucleotide kinase, alkaline phosphatase and E. coli DNA polymerase I were purchased from Boehringer Mannheim. Terminal deoxynucleotidyltransferase was lHwrtiy donated by Dr. RoSh.Beabealashvilli. Nucleic acids dT 10 was obtained from Calbiochem, poly(dA) was from Boehringer Mannheim. 1?-mer oligonucleotide 5'-GTAAAACGACGGCCAGT-3' was donated by Dr. A.V.Azhayev. Activated DNA was prepared from native calf thymus DNA as described earlier ( 17 ) . About 5% of the DNA was rendered acid-soluble during activation. Polynucleotide dT 1O O was syathesd-zed from dT 10 with terminal deoxynucleotidyltransferase ( 18 ) . The size of the resulted polynucleotides was determined by polyacrylamide gel electrophoresis. To prepare 3'-labeled polynucleotides, dO* n was elongated with terminal deoxynucleotidyltransferase in the presence of L HJ-or L PJ-labeled dNTP, which was added to the reaction in the concentration equal to 1/100 of that for dT 10Q (nucleotide ( 19 ) . The 5'-labeled dT 1Q0 had a specific activity of about 300000 cpm/pmol of ends. The 5' end of the 17-mer oligonucleotide was also labeled with phage T4 polynucleotide kinase and [/-? P]ATP. <H 1O n was annealed with a twofold quantity of poly(dA) in a mixture containing 0.25 mM CH^QQ, 0.5 mM poly(dA), 100 mM potassium phosphate, pH 7.5, 1 mM BDTA, during incubation for 60 TTJTI at 40° C. Purification of BmNPV Pol BmNPV Pol was purified from silkworm Bombyx morl pupae 3 days post-inoculation of BmNPV, when the polymerase activity reaches a maximum ( 6 ) . An example of the purification is summarized in Table 1 . All procedures were performed at 0-4°C. 37 frozen pupae were ground in a porcelain mortar and extracted for 30 min in 97 ml of buffer containing 100 mM potassium phosphate, pH 7«5t 5# glycerol, 5 mM 2-mercaptoethanol, 1 mM BDTA, 1 mM phenylmethylsulfonyl fluoride (PMSF). The homogenate was sonicated two times at 20 kHz for 5-s periods and is referred as Fraction 1* The homogenate was centrifuged in a Beckman Ti 60 rotor at 20000 rev./min for 30 m-in and the pellet was discarded. Finely ground ammonium sulfate (0.25 g/ml) was added to the supernatant while stirring. The stirring was continued for 20 min after had been dissolved. The extract was then centrifuged in a Ti 60 rotor at 16000 rev./min for 50 min a supernatant was collected. Dry (HH^) 2 S0^ was added to the supernatant up to 70% of saturation and the pellet was collected as described above. The pellet was dissolved in buffer A containing 10 mM potassium phosphate, pH 7.5, 20% glycerol, 5 mM 2-mercaptoethanol, 1 mM EDO?A, 0.2 mM PMSF, and diluted to 100 mM in ammonium sulfate (Fraction 2). The sample was applied to a phosphocellulose column (2.5 x 10 cm) that had been equilibrated with buffer A. The column was washed with 6 volumes of buffer A containing 0.3 M KC1. BmNPV Pol was eluted with 8 column volumes of a linear gradient of 0.3-0.8 M KC1 in buffer A. Active fractions (total 72 ml) were pooled and dialyzed against buffer A (Fraction 3). The sample was applied to a DEAE-cellulose column (1.6 x 9 cm) and the column was washed with 3 volumes of buffer A. The protein was eluted with 5 column volumes of a linear gradient of 10-350 mM potassium phosphate, pH 7.5, in solution B containing 20% glycerol, 5 mM 2-mercaptoethanol, 1 mM BDTA, 0.2 mM PMSF, 25 pg/wl gelatin. Active fractions (total 34 ml) were combined and dialyzed against buffer A (Fraction 4). The sample was applied to a hydroxyapatite column (1.2 x 2.2 cm) that had been equilibrated with buffer A. The column was developed with 6 volumes of a linear gradient of 10-500 mM potassium phosphate in solution B. Active fractions (total 4.7 ml) were pooled and dialyzed against buffer A (Fraction 5). The preparation was concentrated in a dialysis tubing with dry polyethylene glycol M 40000 and dialysed against 10% glycerol in buffer C containing 200 mM potassium phosphate, pU 7»5» 5 mM 2-mercaptoethanol, 1 mM JSDTA, 0.2 mM PMSF. The sample (250 / ul) was layered over 4.9 ml linear glycerol gradient (15-30%) prepared in buffer C. The tubes were centrifuged at 47000 rev./min for 24 h in a SW65 swinging-bucket rotor. Fractions containing BmHPV Pol (total 1.2 ml) were pooled and dialyzed against buffer A (Fraction 6). The sample was applied to a Blue-Sepharose column (0.8 x 2.2 cm) and the column was washed with 3 volumes of buffer A. BmNPV Pol was eluted with 10 volumes of a linear gradient of 0-0.6 M KC1 in buffer A containing 25 .ug/ml gelatin. Active fractions (total 3*7 ml) were pooled and dialyzed against buffer D containing 50% (v/v) glycerol, 10 mM potassium phosphate, pH 7.5, 5 mM 2-mercaptoethanol, 0*1 mM EDTA. Fraction 7 was stable for at least 12 months when stored at -20°C in buffer D. Assay of DNA polymerase
The reaction mixture for assay of the polymerase activity of BmNPV Pol contained 150 mM potassium phosphate, pH 7.5, 4-8 mM MgCl 2 , 2 mM dithiothreitol, 200 ug/ml bovine serum albumin, 125 pg/ml activated DNA or 50*10 ug/ml poly(dA) # oligo(dT), 25 uM each of dATP, dCTP, dGTP and 10-25 uM 10-20 uCi/ml [ 5 H]dTTP. The enzyme preparation (0.1-0.2 units) in buffer D was added to the standard incubation to one-fifth of the final reaction volume 50 pi* Reactions were run at 37°C for 30 min. The acid-insoluble radioactivity was determined as described earlier ( 20 ) . 1 U DNA polymerase activity was defined as the amount catalyzing the incorporation of 1 nmol dNMP into DNA per 30 min.
Assay of exonucleases
The reaction mixture for assay of exonucleases contained 50 mM potassium phosphate, pH 7*5, 20 mM MgClo, 50 ug/ml bovine serum albumin, 10-30
(about 30OO cpm |/Hj and 2000 cpm L PJ)» The enzyme preparation in buffer D was added to the standard incubation to one-fifth of the final reaction volume 30 pl» Reactions were run at 37° C for 30 min, then terminated by chilling and addition of 6 ul containing 100 ^ug/ml activated DNA, 0.1 M EDTA. The reactions were processed for determination of acid-insoluble radioactivity. 1 U exonuclease activity was defined as the amount catalyzing the release of 1 nmol dNMP from DNA per 30 min.
Other methods Thin-layer chromatography on the HPTLC-Alufolien Kieselgel 60 ^254 P late (Merck) was performed in a mixture containing 6 v dioxane, 1 v ammonium hydroxide, 4 v H 2 0. dTMP, dTDP and dTTP were used as the migration standards.
For ultracentrifugation in glycerol gradient the BmNPV Pol was dialyzed against 5% glycerol in buffer C without PMSF. 150 ul of the enzyme preparation were layered over 4.9 ml 10-30% (v/v) glycerol gradient in the same buffer and centrifuged at 47000 rev./min for 26 h at 2°C in a SW 65 swinging-bucket rotor. Catalase (11.3 S), aldolase (8.3 S) and bovine serum albumin (4.3 S) were used as the sedimentation standards.
Digestion products of the 17-mer oligonucleotide were analyzed by polyacrylamide gel electrophoresis. After incubation in the exonuclease assay mixture with the oligonucleotide as a substrate, 5->il allquots were removed from the reaction and terminated by the addition of 2.5 pi containing 80% formaldehyde, 20 mM EDTA, 0.025% each bromphenol blue and xylene cyanol. Slab gels, 200 x 100 x 0.3 mm, contained 30% acrylamide, 1% bisacrylamide, 7 M urea, 50 mM Tris-boric acid, pH 7«5» 2 mM EDTA, 0.01 mg/ml ammonium persulfate, 0.03 >il/ml TEMED. After preelectrophoresis at 1200 V for 2 h, the samples were loaded onto the gel and electrophoresed at 800 V for 3 h in buffer containing 50 mM Tris-boric acid, pH 8.6, 2 mM EDTA. The dryed gels were autoradiographed with PM-B x-ray film (Tasma).
RESUI/rS
The procedure used permits to purify BmNPV Pol from the infected silkworm pupae about 4000-fold with recovery of 0.5% of the initial activity (Table 1) . A specific activity of the polymerase was equal to about 1000 U/mg in the assay with activated DNA and 8000 U/mg in the assay with poly(dA)«oligo(dT). The purification is from 37 silkworm pupae infected with BmNPV. TJNA polymerase activity was determined in the assay with activated DNA. Exonuclease activity was not determined.
The final preparation of BmNPV Pol (Fraction 7) was free from an endonuclease activity but possessed 3'-^5' exonuclease specific for single-stranded DNA. The total polymerase (Pol) and exonuclease (Exo) activities of the preparations were decreased many fold in the course of the BmNPV Pol purification. However, the ratio of the exonuclease activity to the polymerase activity did not change markedly from the phosphocellulose step (Fraction 3) to the Blue-Sepharose step (Fraction 7) (Table 1) . Co-purification of the exonuclease with BmNPV Pol suggests that both activities (Exo and Pol) are associated.
The BmNPV Pol-associated exonuclease efficiently removed pHJdTMP from 3' end of polynucleotide d3? 1O o» wnile preserved 5'-[ 52 P]end of the polynucleotide (Fig. 1A) . . 30-^jil axiquots were removed at the indicated times and terminated by addition of 21 ul containing 0.5 mg/ ml activated DM, 60 mM EDTA, 1 U sodium acetate. Samples were precipitated with 3 v ethanol. 5-^»l portions of supernatants were applied to a Eieselgel 60 plate, the chromatogram was developed and the autoradiogram was obtained as described in Materials and Methods.
dCMP or dGMP were released into acid-soluble fraction from 3' end of the polynucleotide with nearly the same rate as pJ (data not shown). Under optimal conditions BmNFV Pol revealed about 0.2 unit of the exonuclease activity on single-stranded DNA per 1 unit of the polymerase activity with activated UNA. The annealing of ^QO *° P ol 7(dA) prevented the rapid degradation of the polynucleotide from 3' end. Calculations showed, that single-stranded DNA was hydrolyzed at least 10-fold more active than duplex DNA. BmNPV Pol had no detectable 5'-^3' exonuclease activity on single-stranded or duplex DNA. This experiment was carried out at 30° C to minimize the partial melting of the duplex. Control experiments with 5*-and 3'-terminal labeled dT^QQ and E. coli DNA polymerase I (Kornberg enzyme) revealed the presence of both known exonucleolytic activities of the enzyme, i.e. 3*->-5' exonuclease specific for single-stranded DNA and 5*->»3' exonuclease specific for double-stranded DNA (Pig. 1B).
The ethanol-soluble products of the hydrolysis of 3'-["P]-labeled d^QO were analyzed by thin-layer chromatography on the Kieselgel 60 plate (Fig. 2) . The labeled digestion products comigrated with dTMP. Thus, deoxynucleoside monophosphates are released during the hydrolysis of single-stranded DNA by 3*->-5' exonuclease of BmNFV Pol. No labeled oligonucleotides were released into the ethanol-soluble fraction. These data reject the involvement of an endonuclease activity in the hydrolysis. Optimal salt concentrations for exonuclease activity and polymerase activity of BmNPV Pol were different. The exonuclease activity was maximal at 20 mM MgClo and 50 mM potassium phosphate, while the polymerase activity on activated DNA -at 4-mM MgClg and 150 mM potassium phosphate (Fig. 3) . The salt sensitivity of BmNPV Pol-associated exonuclease permits to study the polymerization process at different levels of the exonuclease activity. The exonuclease was active over the pH range from 6.0 to 8.5, with maximal activity at pH 7*5 in both buffers, potassium phosphate (ZHgPO^-KOH) or Tris-HCl (data not shown).
BmNPV Pol catalyzed the incorporation of [eC-^ PJdTMP into DNA and the exonucleolytic release of [«£-^ PJdTMP into reaction mixture during synthesis on activated DNA in the presence of [^J (Fig. 4A) BmNPV Pol (0.4 ^ig) was incubated in 50 ^ul of a modified polymerase assay mixture containing 100 mM potassium phosphate, pH 7.5,,10 mM MgCl2, 100 >ig/ml activated DNA, 0.5 jM 2 .uCi/ml [ oC -52p] dTTP and other components as described in Materials and Methods. 12-ul aliquots were removed at the indicated times and terminated by addition of 1.5 ul 0.2 M EDTA. 1.5-^ul portions were applied to a Kieselgel 60 plate. The chromatogram was developed and the autoradiogram was obtained as described in Materials and Methods. The spots of DNA and dTMP were scraped from the plate and the radioactivity was counted. Zero time radioacti} ces radiogram, ( O ) and the"release of P*P]dTMP ( • ).
f^A^f P^PJ incorporation and generation were identical (Fig. 4B) . The molar ratio of dTMP release to incorporation remained constant for up to 60 m-iTi of incubation. It was equal to 0.25 at suboptimal concentrations of MgClp and potassium phosphate in the reaction mixture, 10 mM and 100 mM respectively. This turnover ratio is not greatly different from the values obtained for E. coll DNA polymerase I ( 21, 22 ) and phage T4 DNA polymerase ( 23 ) .
It is likely that 3'•^•5* exonuclease is an intrinsic activity of BmNPV Pol. The exonuclease activity cosedimented with the polymerase activity during glycerol gradient ultracentrifugation of BmNPV Pol (Fraction 7). The peak of nuclease activity was coincident with the peak of DNA polymerase activity ( The sedimentation coefficient of the exonuclease and the polymerase was equal to 6.3 S. The presence of 200 mM potassium phosphate in the gradient buffer was shown to be sufficient to prevent the aggregation of proteins during centrifugation ( 7 )• Therefore, co-sedimentation of exonuclease and polymerase activities revealed that 3'->5' exonuclease is tightly associated with BmNPV Pol. When BmNPV Pol was subjected to column chromatography on 5'-AMP-Sepharose or Heparin-Sepharose, both activities, exonuclease and polymerase, bound to the affinity supports and eluted together upon salt gradient elution (data not shown).
The exonuclease and polymerase activities of BmNPV Pol were inactivated by heat with nearly identical rates (Pig. 6). The enzyme lost about 50% of both activities after 10 min-preincubation at 50°C. The exonuclease and polymerase activities of BmNPV Pol were disturbed by N-ethylmaleimide (data not shown).
Aphidicolin, which was shown to be a potent inhibitor of the polymerase activity of BmNPV Pol ( 24 ), hardly affected the 3'-^-5' exonuclease assayed with single-stranded polynucleotide 5'-dT 100 (pH]dA 1 )-3 # . The exonuclease was inhibited by 20-30% at 0.5 ^Jg/ml aphidicolin, whereas the polymerase activity on acti- Pig. 6. Heat inactivation of the polymerase and 3 *->5 *exonucl ease activities of BmNPV Pol. BmNPV Pol (0.6 < ug) was incubated at 50°C in 120 ul containing 50% (v/v) glycerol, 10 mM potassium phosphate, pH 7.5, 5 mM 2-mercaptoethanol, 0*1 mid EDTA and 200 # ug/ml bovine serum albumin. Aliquots were removed at the indicated times and assayed in the standard incubations for the polymerase activity ( O ) and for the exonuclease activity 1 • ). 100% activity was equal to the incorporation of 3200 cpm pHJdTMP into DNA and to the release of 2600 cpm PHJdTMP from Kinetic of digestion of 17-mer oligonucleotide 5 -GTAAAACGACGGCCAGT-J * by 3'-»5* exonuclease of BmNPV Pol. BmNPV Pol (70 ng) was incubated in 50 ,ul of the exonuclease assay mixture with 1 11M (nucleotide) 5*-p 2 PJ labeled 17-mer oligonucleotide (120000 cpm) as a substrate. 10-,ul aliquots were removed at the indicated times and terminated by addition of 5 jil containing 80% formaldehyde, 20 mil EDTA, 0.025% each xylene cyanol and bromphenol blue. 7-pi portions of the samples were loaded onto 30% polyacrylamide-7 M urea gel and electrophorezed as described in Materials and Methods. The autoradiogram of the gel lanes with major bands and the results of the transmittance scanning of the autoradiogram are shown. BPB -the position of bromphenol blue in the gel.
inhibited both the release of dNMPs into reaction mixture and the incorporation of dNMPs into DNA (Fig. 7) . It is essential that the turnover value (the ratio of dHMP generation to the incorporation) did not change in spite of prominent inhibition of both processes. The value was equal to 0.20 in the absence of the Inhibitor and 0.21 at aphidicolin concentrations of 0.1 pg/ ml (36% inhibition) and 0.5 /jg/ml (7095 inhibition). This finding suggests that the same aphidicolin-sensitive enzymatic system is responsible for both the polymerase activity and the exonucleolytic generation of dNMPs.
Preliminary experiments revealed that BmNPV Pol is highly processive enzyme, which polymerizes dozens of nucleotides without dissociation from a template. However, the mode of action of 3'->-5' exonuclease associated with BmNPV Pol on single-stranded DNA was questionable. To answer this question we analyzed a kinetic of digestion of 17-mer oligonucleotide by exonuclease of BmNPV Pol. 5' end of the oligonucleotide was prelabeled with P p]. The reaction products after 0, 15, 30 and 60 min of incubation were electrophoresed on 30% polyacrylamide-7 M urea gel and autoradiogram of the gel was developed. The results of transmi ttance scanning of the gel lanes are shown in Fig. 8<> Absorbance tracing showed better resolution of major bands than transmittance tracing. However, transmittance scanning revealed minor bands in the gel. The densitometric analysis indicated the strictly distributive action of BmNPV Pol-associated exonuclease on a single-stranded DNA. The enzyme dissociated from an oligonucleotide after the release of a single dNMP and reassociated with next oligonucleotide being degradated. No stops of digestion process at any point through ten nucleotide-sequence from 3' end of the 17-mer oligonucleotide were observed. 6-mer fragments were accumulated as a main final product of the exonucieolytic digestion of the oligonucleotides.
DISCUSSION
The paper describes the properties of nuclear polyhedrosis virus DNA polymerase purified about 4000-fold from the infected silkworm pupae (Table 1)* The final preparation (Fraction 7) was nonhomogenic during poly aery land de gel electrophoresis in the presence of sodium dodecyl sulfate, but a more extensive purification was hampered by a marked instability of the polymerase. Fraction 7 was, however, stable on storage. The 3'->-5' exonuclease specific for single-stranded DNA seems to be an intrinsic activity of BmNPV Pol. The exonuclease is found associated with the polymerase through all stages of purification and the ratio of exonuclease activity to polymerase activity (Exo/Pol) did not change markedly at the four final steps of the purification (Table 1). The exonuclease and polymerase sediment at the same rate in glycerol gradient (Pig. 5) and elute together from 5'-AMP-Sepharose and Heparin-Sepharose during column chromatography. The exonuclease and polymerase activities decay at the same rate when the BmNPV Pol preparation is incubated at elevated temperature (Fig. 6) . The identical kinetics of heat denaturation were reported earlier for polymerase and exonuclease activities of phage 029 DNA polymerase ( 25 ) , herpes virus DNA polymerase ( 10, 12 ) , vaccinia virus DNA polymerase ( 13 ) and mammalian DNA polymerase 6 ( 15 )• The aphidicolin-sensitivity of 3'-^5' exonuclease also indicates that the exonuclease is associated with BmNPV Pol. Aphidicolin equally inhibits the incorporation of dNMPs into DNA and the exonucleolytic release of dNMPs (Fig.  7) . The marked increase in the inhibition effect on the exonuclease when single-stranded DNA substrate was replaced by duplex DNA is in agreement with data obtained for calf thymus DNA polymerase 6 ( 26 ) . This finding is consistent with the suggestion that the effective binding of aphidicolin to polymerase requires the formation of a template-primer-DNA polymerase complex ( 27 ) • Our data show that 3' terminal nucleotide of the primer may be unpaired in this complex.
The presence of 3'->5' exonuclease in the enzyme is presumably a general feature of DNA polymerases of animal DNA containing viruses. All of viral DNA-dependent DNA polymerases studied before possessed 3'-*»5' exonucleases. The exonuclease was shown to be associated with DNA polymerase of herpes viruses ( 8-10 ), including cytomegalovirus ( 12 ) and JSpstein-Barr virus ( 11 ) . Vaccinia virus DNA polymerase also had 3 '-^5' exonuclease (13) . The presence of the exonuclease activity in adenoviral DNA polymerase was recently demonstrated ( 14 ) . The data obtained in this paper suggest that DNA polymerases of baculoviruses also possess 3'->-5' exonuclease. It seems reasonable to assume that DNA polymerases of all animal DNA viruses belong to the "prokaryotic type" of DNA polymerases with the intrinsic exonuclease activity. However, more data are needed for this conclusion. Prokaryotic DNA polymerases with 3'-^5' exonuclease activity uti-lize natural single-stranded DNAs for synthesis ( 28 ) . BmNFV Pol also uses single-stranded phage M13 DNA, which was linearized by the Mg + -dependent endonuclease ( 6, 7 ) . In contrast to the processive mode of polymerization, the exonuclease of BmNPV Pol was strictly distributive during hydrolysis of a single-stranded DNA (Fig. 8) . The mode of action of 3 '-^5* exonucleases associated with other DNA polymerases presumably is also distributive. A nonprocessive action was suggested previously for 3'-^5' exonucleases of phage T4 DNA polymerase ( 29, 30 ) and E. coli DNA polymerase I ( 30 )• However, the earlier experiments did not distinguish between a partially processive behaviour of the exonucleases and a distributive one. The processive mode of polymerization indicates that BmNPV Pol does not dissociate from the template after the release of dNMP from 3' end of the primer in the course of DNA synthesisc Nevertheless, the data obtained in this paper suggest that the polymerase dissociates from the primer after every hydrolytic event.
A proofreading function has been proposed for 3'-^-5' exonuclease activity of DNA polymerases ( 31 ) . This prediction was principally confirmed by the experimental data ( 22, 32, 33 ) . However, the ratio of the exonucleolytic release of dNMP to the incorporation of dNMP into DNA equal to 0.2 for BmNPV Pol and 0.1-0.4 for some other DNA polymerases ( 21-23 ) apparently exceeds the expected frequency of noncomplementary nucleotide incorporation during polymerization. Some cellular factors presumably regulate the exonucleolytic proofreading during DNA replication in vivo.
